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Recently it has been shown by exclusive and kinematically complete experiments that the appear¬ 
ance of a narrow resonance structure in double-pionic fusion reactions is strictly correlated with the 
appearance of the so-called ABC effect, which denotes a pronounced low-mass enhancement in the 
TTTT-invariant mass spectrum. Whereas the resonance structure got its explanation by the d* (2380) 
dibaryonic resonance, a satisfactory explanation for the ABC effect is still pending. In this paper 
we discuss possible explanations of the ABC effect and their consequences for the internal structure 
of the d* dibaryon. To this end we examine and review a variety of proposed explanations for the 
ABC effect, add a new hypothesis and confront all of them with the experimental results for the 
np —>■ d-K^Tv^ and np —>■ npyr^yr® reactions, which are the most challenging ones for this topic. 
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INTRODUCTION 


Recently it was shown that there is a resonance pole at 
(2380±10) —1(40±5) MeV in the coupled par¬ 

tial waves based on a SAID partial-wave analysis, which 
included new data from COSY on the analyzing power of 
np scattering [H-Q. This finding matches perfectly with 
the I{J^) = 0(34') resonance structure observed at -/s ~ 
2.37 GeV with a width of 70 MeV in the total cross sec¬ 
tion of the double-pionic fusion reactions pn —>■ (i7r°7r° 
and pn -T d7r+7r“ |3-0|- The results from the WASA- 
at-COSY for the pn —>■ dTr+Tr” reaction have meanwhile 
found support by preliminary results from HADES (1|. 

Having revealed the pole in the np scattering ampli¬ 
tudes means that this resonance structure constitutes an 
s-channel resonance in the system of two baryons. It 
has been denoted since then by (i*(2380) following the 
nomenclature used for nucleon excitations. 

Follow-up measurements of the non-fusion reactions 
pn -T ppTT^'!T~ and pn —^ pnir^ir ° 0 with the WASA 
detector at COSY and np —>■ np7r+7r” - [m with the 
HADES detector at GSI showed that also these reac¬ 
tions, which are partially of isoscalar character, show the 
(i*(2380) resonance in agreement with expectations based 
on isospin coupling. 

In addition, WASA measurements revealed that 
(i*(2380) is also present in the double-pionic fu¬ 
sion reactions to the helium isotopes pd — ^-^HeTr^Tr^, 
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nd —>-3He7r+7r“, dd —^-^HcTr^Tr® and dd —^-^HcTr+Tr” (l^ 
Il5l | . This means that obviously d* (2380) is stable enough 
to survive also in a nuclear surrounding. This conclusion 
is in agreement with the appearance of a dilepton en¬ 
hancement (DLS puzzle) in heavy-ion collisions 0. 


ABC EFFECT 


In 1960 Abashian, Booth and Crowe 0 found out 
that the TTTT-invariant mass spectrum in the double-pionic 
fusion reaction pd — ^-^HeTT-TT exhibits a pronounced low- 
mass enhancement. Subsequent measurements showed 
that this enhancement also persists in the fusion reac¬ 
tions to d and "^He if the produced pion pair is of 

isoscalar nature. Since there was no plausible explana¬ 
tion for this effect, it got named after the initials of the 
authors of the first publication on that issue. 

The recent exclusive and kinematically complete 
WASA measurements, which were carried out at CEL¬ 
SIUS and later-on at COSY, confirmed the previous find¬ 
ings, which had been obtained by merely inclusive single¬ 
arm magnetic spectrometer and low-statistics bubble- 
chamber measurements, respectively. Fig. 1 shows as an 
example the Tr°Tr°-invariant mass spectrum obtained in 
the reaction pn —>■ dn^Tr^ at ^/s = 2.38 GeV Rela¬ 
tive to a pure phase-space distribution, the data exhibit 
a very pronounced low-mass enhancement - the ABC ef¬ 
fect. 

Moreover, the new measurements discovered a strict 
correlation between the appearance of the ABC effect 
and the appearance of the d*(2380) resonance structure 
in the total cross sections of the fusion reactions to d. 
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FIG. 1: (color online). 7r°7r° invariant mass distribution in 
the pn —>■ d-K^Tv^ reaction at ^/s = 2.38 GeV, the d*(2380) 
resonance peak energy region. Black solid circles represent 
the data and the hatched area an estimate of systematic 
uncertainties (from Ref. i). The yellow shaded area de¬ 
notes pure phase space and the dashed line gives a calcu¬ 
lation of the conventional t-channel AA excitation process 
pn —^ AA —^ dvr^TT®, both normalized arbitrarily in height. 


^He and ^He, if these reactions were associated with the 
production of an isoscalar pion pair 00, [Hill- 

In contrast to these findings no ABC effect was ob¬ 
served in the non-fusion reactions pn —>■ ppTT^Tr~ and 
pn —>■ pn7r°7r° despite of the appearance of (i*(2380) in 
these reactions. For the first reaction the non-appearance 
of the ABC effect is easily understood, since in this case 
the pions of the isovector pion pair must be in relative 
p-wave suppressing thus any low-mass enhancement. For 
the second reaction there is no such obvious reason. 

In the following we examine possible scenarios as suit¬ 
able explanations of the ABC effect. To this end we con¬ 
front several phenomenological ansatzes with the obser¬ 
vations made - with special emphasis on the np —>■ 
and np —>■ npir^n^ reactions, where the largest tensions 
for a common explanation exist. Hence the work pre¬ 
sented in the following is intended to be primarily a 
phenomenological search for a reasonable solution rather 
than presenting here already a fundamental theoretical 
treatment of this issue, which would need to be a next 
step as soon as a reasonable phenomenological solution 
has been found. 

The aim of this paper is also to document calculations 
of the pn —>■ d* —^ AA route, the results of which were 
shown in previous publications 0,0 SHI. 


HYPOTHESES FOR ITS EXPLANATION 


From the Dalitz plots of the double-pionic fusion re¬ 
actions 00, [mil we know that d*(2380) decays pre¬ 
dominantly via the AA system in the intermediate state 



FIG. 2: (color online). Schematic representation of the pro¬ 
cesses pn —>■ dTTTT via t-channel meson exchange (a) and 
pn d*(2380) —^ A A —>■ d-K-K (b). 


- with the two As being in relative s-wave. This is in 
accordance with meanwhile numerous theoretical work 
about this resonance (29l - [^ . It also is in agreement with 
the measured branchings of the d* decay into the diverse 
NNtttt channels [40| . 

Therefore it seems likely that the appearance of the 
ABC effect is correlated with the appearance of the A A 
system in the intermediate state and that way also with 
the internal structure of d*(2380). 

One of the first attempts to explain the ABC effect 
was its connection with the conventional t-channel A A 
excitation, a schematic diagram of which is depicted in 
Fig . UK a). As pointed out already by Risser and Shuster 
|4lj , such an excitation causes a double-hump structure of 
the TTTT-invariant mass spectrum with enhancements both 
at low and high masses relative to phase space. If the 
center-of-mass energy y/s is below the mass 2mA, then 
the low-mass enhancement tends to be more prominent 

- see Fig. 3. If it is above 2mA, then the high-mass 
enhancement dominates. 

Fig. [1] exhibits the 7r°7r°-invariant mass (Af^o^o) spec¬ 
trum at resonance in the pn —>■ dTr^Tr*' reaction, where 
the background from conventional processes is small com¬ 
pared to the resonance signal and can be neglected in the 
following. The dashed curve shows the result, if we cal¬ 
culate the t-channel AA process (Fig. 2(a)) as given by 
Risser and Shuster [Hi- 

For comparison we show in Fig.[3]data 0 for the 
spectrum at yfs = 2.5 GeV, i.e., at an energy above 
the d*(2380) region in the regime of the conventional 
t-channel AA process. The data are accounted reason¬ 
ably well by the calculations in the framework of Risser 
and Shuster. Since yfs > 2mA here, the high-mass en¬ 
hancement is now dominating and correctly reproduced 
by these calculations. To the observed low-mass enhance¬ 
ment also the high-energy tail of d* (2380) may contribute 

- as well as possibly a AA final-state interaction as dis¬ 
cussed below. 
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be of relevance for the considerations in the following. 
Since we are interested here only in the shape of the tttt 
invariant mass distribution, we omit constants and use 
the proportionality sign in eq. (3). 

The matrix element M/j is given by 

MR{mp, m„, nid, h, ^2) = Quimp, rrid, h, fc2), 

( 4 ) 

where the function 0 contains the substate and angular 
dependent part, and 

= Dji * £)ai * -Da2 • (5) 

Here Z?a denotes the A propagator 


FIG. 3: (color online). The same as Fig. 1, but at ^/s = 

2.5 GeV, i.e., above the ci*(2380) region in the regime of the 
t-channel A A process. The data are from Ref. Q. 

and 


Da 


V^toa Fa / 

-m\+ imAVA 


Description of the ci*(2380) Resonance Process 


rA(gr) = 7(<zrf 


i ?2 


( 6 ) 

( 7 ) 


In the following we give the formalism for calculating 
the s-channel resonance process 

pn —^ d*(2380) —>■ AA —>• d 7 r° 7 r° (1) 


with 7 = 0.74, R = 6.3(GeV/c)“^ and denoting the 
decay momentum of the pion in the A system 
refers to the invariant mass of the Ntt system. 

If we write Dr in form of a Breit-Wigner amplitude, 
then we have 


depicted schematically in Fig. [^b) and as used for the 
calculations presented in Ref. [y, [tI, [oj, llO| . 

The differential cross section is then given by 

(2^)4 


da = 


4: Pi y/s 




\A{mp, rrin, rud, fcj, k 2 )\ ^4*3, (2) 


where d $3 denotes the 3-body phase-space element 
and the sum runs over the observable spin substates 
of proton, neutron and deuteron, as well as 
over all kinematical variables not considered explicitly in 
the dependence of the differential cross section da. ki 
and ^2 denote the momentum vectors of the emitted pi¬ 
ous and Pi is the momentum in the initial pn channel. 

The transition amplitude A{mp,mn,'md,ki ,k 2 ) is 
given by 


^ J Mr* pddq, (3) 

where q denotes the relative momentum between the 
two nucleons merging finally into the deuteron and pd 
denotes the deuteron wave function in momentum space. 
Its square provides the probability distribution for find¬ 
ing the two involved nucleons with momenta pNi and 
PN 2 - In our numerical calculations we used qmax = 800 
MeV/c as an upper limit for the relative momentum q. 
Extending the upper limit to 1.5 GeV/c yields no signif¬ 
icant changes in the calculated observables, which would 


MO 

s - mj^ + iruRTH 


-^A 2 


( 8 ) 


with mass tur 
70 MeV. 


2.38 GeV and width r_R(s = wAr) 


The factor 

s 2J+1 

p^ Pf {2sp + l)(2s„ -I- 1) 


( 9 ) 


is the flux factor of the Breit-Wigner resonance. Here 
Pf = PA A, given in eq.(ll), is the decay momentum of 
each A in the d* system and Sp and s„ denote the nucleon 
spins in the initial channel. 

Ti and Taa denote the partial widths for formation 
and decay of the s-channel resonance. They are momen¬ 
tum dependent quantities and proportional to the square 
of the respective (effective) coupling constants gpn and 
9AA- 

In case of d* with I{J^) = 0(3'*') the resonance is cre¬ 
ated by the ^ G 3 coupled partial waves between 

p and n in the initial system (ll-l3|. Hence we have 
Ti = PpriPi^^^i where L denotes the orbital angular mo¬ 
mentum in the initial pn channel. Since the resonance is 
far beyond the pn threshold, the momentum dependence 
over the comparatively narrow region of the resonance is 
small and can actually be neglected here. 

In the exit channel the d* resonance decays into the 
AA system with a relative S'-wave between the two As 
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— as observed in the A angular distribution (Fig. 5 in 
Ref. 0). Therefore we have 

^AA=gAAPAA, ( 10 ) 

with 

2pAA =PAi-PA2 (11) 

= (PNr +ki) - {PN2 + ^ 2 ). 

Note that the paa dependences in eqs. (9) and (10) 
cancel each other, when inserted into eq. (8). 

The momentum dependent total width of the reso¬ 
nance is then given by 

rfl(s) = r, + ^r/ = r, + 7 «* ( 12 ) 

(imi(iTO2PAA|-DAi(wi)IlA2(w2)|^6'(s - (toi -I- m2)^), 

where m\ and m\ denote the invariant mass-squared of 
the Ntt pairs forming the systems Ai and A 2 , respec¬ 
tively |42l |. The integral runs then over squared invari¬ 
ant masses from the pioii emission threshold, given by 
= {miq + rriT^)'^ in the NNirn channels, to upper 
bounds defined by the 9 function, which ensures energy 
conservation. 

The second term in eq. (12) denotes the decays of the 
resonance via the intermediate AA system. The quantity 
contains the coupling constant gAA and other con¬ 
stants and is fitted to yield a total width of r/{(s = mj^) 

= 70 MeV. In the following sections we discuss also pro¬ 
posed scenarios, where the intermediate state is not only 
AA. In such cases eq. (12) has to be complemented 
accordingly. 

The decay of (i*(2380) into its various NNtttt channels 
and into the np channel have been discussed in detail in 
Ref. . There also the experimentally extracted partial 
widths ri(s = mj^) and T f{s = mjq) are given and can 
be deduced, respectively, from the quoted partial cross 
sections at resonance. 

The angular dependence is obtained from the angular 
momentum coupling in entrance and exit channels: 


Sp Sn L — 

J — SAi + SA 2 

(13) 

Sp H“ Sn — 

S, 

(14) 

II 

ll -f SjVi, 


to 

II 

h + satj j 


SNi + SaTj — 

Sd- 



Here Sp, Sn and Sd with Sp = Sn = ^ and Sd = 1 denote 
the spins of p, n and d. The orbital angular momenta 
li and I 2 with li = I 2 = 1 stand for the pion p-waves 


originating from A decay and L is the initial orbital an¬ 
gular momentum between the incident proton and neu¬ 
tron. Since we deal here with a resonance in the 
coupled partial waves the spin of the nucleon pair in the 
initial channel is s = 1. 

Eq. (13) assumes that we have s-wave between the 
two As in the intermediate state - in agreement with 
observation, as mentioned already above. 

If the coordinate system is chosen to be the standard 
one with the z-axis pointing in beam direction (imply¬ 
ing rriL = 0 and (0i,$i) = (0,0)), then the function 
0fl(wp, m„, TOd, fci,/C 2 ) defined in eq. (3) is built up by 
the corresponding vector coupling coefficients and spher¬ 
ical harmonics representing the angular dependence due 
to the orbital angular momenta involved in the reaction: 

0fl(mp,TO„,md, ki,k2)= (15) 

{lLms0\JM) 

(JM|~mfm^) (^mflilmfwi) 
m2) (lTOd|iimfmf) 

Rlo(0,0) Yi ^,{ k 2). 

The angular distributions for deuteron and pions re¬ 
sulting from eq. (15) are displayed in Fig. 5 of Ref.Q. 

The p-wave pions emerging from the intermediate A A 
system can couple to relative s- and d-waves. In the first 
instance, d and tttt systems must then be in relative d- 
wave to match the requirement for the resonance spin, 
whereas in the second case d and tttt systems have to be 
in relative s-wave. 

The calculation of the observables resulting from the 
process in Fig.[5](b) has been realized by use of the Monte- 
Carlo technique. There, after generation of the deuteron 
momentum within the reaction phase space the momenta 
of the nucleons inside the deuteron are diced to be dis¬ 
tributed according to the deuteron wave function. By 
subsequent use of the formulae given in eqs. (2 - 15) the 
calculation then conforms to the process represented by 
the diagram in Fig. [2Kb). The boson symmetrization has 
been realized by proper reshuffling of the Monte-Carlo 
events. [^. The correctness of the Monte-Carlo results 
has been cross-checked by respective analytic calculations 
of the reaction amplitude corresponding to the diagram 
in Fig. HKb) (i^ . 

For the 7r°7r°-invariant mass spectrum the calculation 
of this resonance process is shown by the dashed line 
in Fig. U) It gives the proper tendency. However, the 
produced low-mass enhancement is much too small in 
comparison to that observed in the data. 

In fact, the calculation for the M.n. 0^0 distribution is 
practically identical to that of the t-channel process de¬ 
picted in Fig. UKa) and shown by the dashed curve in 
Fig. [U This is not surprising, since at the energy of in- 
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FIG. 4: (color online). Illustration of the vertex function 
effect on the invariant mass distribution of the pn —^ 

d7r°7r° reaction at = 2.38 GeV. Black solid circles give the 
data from Ref. Q, the yellow shaded area denotes pure phase 
space (arbitrarily normalized). The dashed line represents the 
calculation of the process pn — >■ d*(2380) —>■ A A —>■ 
withont the vertex function from eq. (16). The other lines 
give the calculations with vertex function for cutoff parame¬ 
ters A = 0.1, 0.15, 0.2, 0.3 and 0.6 GeV/c. The curves have 
been normalized to the data point at M^o^o = 0.29 GeV. 


terest we are much below the nominal AA threshold of 
2mA, so that also in this case the intermediate A A sys¬ 
tem is strongly favored to be in relative s-wave. Hence 
the dynamics of the system observed in the M^o^o 
spectrum appears to be similar. And since the ^-channel 
AA process is the dominant background for the d* for¬ 
mation process, any interference between both processes 
will not affect the shape of the M^o^o spectrum. 


d*AA Vertex Function 

In order to heal the deficiency in the calculated low- 
mass enhancement, a vertex function at the d* AA vertex 
was introduced in Ref. @ to account for finite size effects. 
It multiplies the expression in eq. (10) and was chosen to 
be of monopole type 


FF 


A" 

+Taa’ 


(16) 


If we neglect the Fermi motion of the nucleons within 
the deuteron, then the nucleon momenta cancel in eq. 
(11) and we havepAA = PttOttO, whereis the relative 
pion momentum. This means that the paa dependence 
of the d* resonance term in eq. (8) is directly reflected in 


the M^o^o spectrum. And since the paa dependence in 
eq. (8) solely rests in the vertex function, we have here 
the unique situation to observe directly the vertex func¬ 
tion in the spectrum. In other words, the ABC 

effect in this context is nothing else but a consequence 
of the d* —^ AA vertex function causing the observed 
low-mass enhancement by suppression of the high-mass 
region. 

We note in passing that already in the work of Kalber- 
mann and Eisenberg about the ABC effect formfac- 
tors had been introduced, but there at the ttNN vertices. 

In Ref. the cutoff parameter A had been fitted to 
the data in the spectrum (Dalitz plot projection) 

resulting in A Ri 0.16 GeV/c, which corresponds to a 
length scale of r = ~ 2 fm. Naively this could be 

associated with a hadronic size of d*. However, with a 
binding of 80 MeV the size of a tightly bound AA system 
is expected to be considerably smaller. A possible solu¬ 
tion of this paradox is that this tightly bound AA state 
resonates with respect to the Di 2 Tt configuration, which 
has a much lower threshold (3. The Di 2 Tt scenario will 
be discussed further below. 

Fig. 13] shows the effect of the vertex function on the 
M^o^o spectrum for cutoff parameters A = 0.1, 0.15, 0.2, 
0.3 and 0.6 GeV/c. As we see, values in the range 0.15 - 
0.20 GeV/c are preferred by the data. 

Though this ansatz accounts very well for the data on 
the double-pionic fusion reactions to the deuteron (and 
also to ^He and "^He (l^-[l5|. which are not considered 
here), there are two disturbing features at a first glance: 

First of all, the cutoff parameter A appears to be un¬ 
usually small. Cutoff parameters used in the descrip¬ 
tion of hadronic reactions are usually three to four times 
larger. However, these are conventionally employed for 
t-channel exchanges, see e.g. Refs. 4^|4g. In our case 


of an s-channel resonance decay the assumed vertex func¬ 
tion is actually identical in structure to that appearing 
in eq. (6) for the A —>■ Nir decay. In fact, there we 
have R~^ = 0.16 GeV/c, which is just the value of A 
found here for the dibaryon resonance. Indeed, such ver¬ 
tex functions are commonly used for the description of 
the decay of baryon resonances, see e.g. Ref. [i^, Id^ . 
with cutoff parameters being similarly small as the value 
obtained here. 

Second, for non-fusion reactions like pn —> pnir^n^ the 
vertex function in eq. (16) does not affect primarily the 
Mt^o .^0 spectrum, but the spectrum, as discussed 

in Ref. |l0l |. since the unbound pn system is no longer 
restricted in its relative motion by the deuteron wave 
function. The fact that the vertex function does not in¬ 
fluence significantly the M.n. 0^0 spectrum actually agrees 
perfectly with the experimental findin g th at there is no 
significant ABC effect in this reaction |ld |. 

However, the impact of the vertex function on the Mp„ 
spectrum has been demonstrated in Ref. 0 to exagger¬ 
ate the enhancement of the low-mass region in the Mp„ 
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spectrum tending thus to be at variance with the data 
[l^ - see Fig. 7 in Ref. [13. 

In this work the resonance contribution to the np —>■ 
np7r°7r° reaction was calculated in analogy to that for 
the np —>■ d7r°7r° reaction, only that three-body phase- 
space is replaced by a four-body phase space and the 
condition for the momenta of the emitted nucleons to be 
in accord with the deuteron wave function is replaced 
by the requirement that the emerging np pair undergoes 
a final-state interaction chosen to be of Migdal-Watson 
type (4^51|: 


FSI = 1 


R 


-2 


(“i: + hroplp)'^ + pin’ 


(17) 


which multiplies the expression for the cross section. 
Here R denotes the vertex size, tq the effective range and 
as the isoscalar triplet scattering length. For these the 
values 2.75 fm, 1.75 fm and +5.4 fm have been used. 
Whereas the latter two conform to the experimentally 
known values for effective range and scattering length, 
the value of R has been taken to be identical to the one 


used in pp induced two-pion production [M |. 

Re-inspecting that calculation in the course of this 
work we have noted that by mistake the vertex function 
was applied twice there. The updated calculation is plot¬ 
ted in Fig. [5] by the solid curve. The dotted curve gives 
the calculation without FSI and without vertex func¬ 
tion, the dashed curve shows the calculation with FSI, 
but without vertex function. We still have the situation 
that the calculation without vertex function appears to 
be slightly superior to that with vertex function. How¬ 
ever, accounting for the substantial systematic uncertain¬ 
ties in the experimental spectrum (hatched areas in 
Fig. [5]) the calculation with vertex function is appropriate 
as well. We also note that for the FSI in these calcula¬ 
tions it has been assumed that all emitted pn pairs are 
in relative s-waves, which is supported by the observa¬ 
tion, that the spectrum cumulates at small invariant 
masses. 

We just note in passing that - different from the 
np —^ reaction - the np —^ npir'^ir^ reaction con¬ 

tains also isovector contributions from t-channel back¬ 
ground processes. In principle one might ask, whether 
they could possibly be the cause of the different behavior 
of the M^o^o spectra in both reactions. In the d* res¬ 
onance region the background processes make up about 
thirty percent of the total cross section. Isospin decom¬ 
position according to Refs, gives roughly half of 

the background processes to be isovector, i.e. about 15% 
of the total cross section. Since isoscalar and isovector 
contributions do not interfere in total cross section and 
invariant-mass spectra, the influence of the isovector part 
there is small. Moreover, d* and t-channel background 
processes give nearly identical shapes for the M^o^o spec¬ 
trum - see Fig. 7 in Ref. [I 3 . 



M,o,o [GeV] 



Mpn [GeV] 

FIG. 5: (color online). Differential distributions of invariant 
masses M^o^o (top) and Mpn (bottom) for the np —>■ npn^n^ 
reaction. The black solid circles denote data la , the shaded 
areas indicate the estimate of systematic uncertainties and 
the yellow shaded areas phase-space distributions. The solid 
(dashed) lines give the calculation of the reaction process in¬ 
cluding the route np —>■ d*(2380) —^ A A —>■ np-K^n^ with 
(without) use of the vertex function in eq. (16). The dotted 
line is a calculation without both vertex function and FSI. 
Note that in the spectrum all lines lie nearly on top of 

each other. 


In the following we examine three alternative ansatzes, 
which have been given recently in the literature for the 
explanation of the ABC effect. We also discuss as a new 
aspect the possibility of a H-state between the As in the 
intermediate AA system. 


We do not deal here with the model of Gardestig, Faldt 
and Wilkin [57|, since this has been designed specifically 
for the ABC effect in the double-pionic fusion to ^He and 
is not applicable to the basic double-pionic fusion to the 
deuteron. 
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FIG. 6: (color online). The same as Fig. |4j but the lines 
represent now the effect of the AA-FSI in dependence of the 
scattering length. 


AA Final State Interaction 


Another, alternative attempt to explain the ABC- 
effect by a hnal-state interaction (FSI) between the two 
As in the intermediate state dates back to the first WASA 
measurements on this issue dSlHii. We note that this 
ansatz dates back to the time, when it was not yet known 
that the ABC effect is correlated with the presence of the 
s-channel resonance c?*(2380). Though including a FSI 
for ejectiles, which beforehand formed a resonance, has 
the threaten of double-counting, we will discuss this sce¬ 
nario for historical reasons - and also because its effect is 
formally ver y si milar to that of the vertex function. 

In Refs. [5^ the AA-FSI was parameterized in 
the Migdal-Watson ansatz 4^ Hlj providing the factor - 
analogous to eq. (17) - 


n-2 

FSI = 1 -|- -—j-j-2—-2 

+ hrnpl.)^ + pi 


rn^ 


(18) 


which multiplies the expression for the cross section. 
For decent values of rp = 2 fm and i? = 1.1 fm a reason¬ 
able description of the M'^a 0 spectrum is achieved with 
Os ~ 30 fm, see Fig. [S] Numerically the first term in eq. 
(18) is small compared to the second one and also the 
hnite range term in the denominator of the second term 
may be neglected. Thus we see that eqs. (16) and (18) 
both have a similar structure with similar paa depen¬ 
dence, i.e. they lead to practically the same corrections 
in the differential spectra. 

Thus eq. (18) formally leads back to eq. (16) for 
the vertex function. Actually, this ansatz seems to be 
independent of the existence of the d* resonance and 
hence also valid for t-channel AA excitations, where no 
ABC enhancements are observed. However, the scatter¬ 
ing length in eq. (18) depends on the involved partial 
wave with isospin I and total spin J. The fact that the 


deuteron angular distribution gets flatter again above the 
d* region |58l | in the t-channel AA regime means that 
there are different partial waves involved, which neces¬ 
sarily do not need to have a large scattering length. 


d*(2380) —>■ da decay 


Recently Platonova and Kukuli n propo sed an alterna¬ 
tive explanation of the ABC effect [^l60j. They consider 
two possible decay branches for the d*(2380) resonance. 
Hereby they go back to the work of Dyson and Xuong 
(29| . who - based on SU(6) - predicted a sextet of non- 
strange dibaryon states. In that work d* (2380) is denoted 
by Do 3, where the first index means the isospin and the 
second one the spin of the dibaryon state. 

Kukulin and Platonova assume the main decay of 
Dos to proceed via the D 12 member of the sextet, i.e. 
Dos D 12 TT —> dTTTT, where D 12 is identified with the 
I{J^) = 1(2^) state at the NA threshold, which pro¬ 
duces a pole in the partial wave oipp scattering. For 
the numerous discussions, whether this state constitutes 
a true s-channel resonance or not, see e.g. Refs. (61-72|. 
Since in this route D 12 and the associated pion have to be 
in relative p-wave, in order to fulfill the angular momen¬ 
tum requirements of D03, this decay route is practically 
indistinguishable from the route Dqs —>■ A A —>■ dirir, i.e. 
both routes give essentially identical results for the M^o,n.o 
spectrum (dashed lines in Fig. [T]). 

Note that in Ref. (H^ momentum dependent decay 
widths containing also vertex functions analogous to that 
in eq. (16) have been used with very small cutoff param¬ 
eters A = 0.1 - 0.2 GeV/c. Since the decays d* —>■ Di27r 
and Di 2 —>■ dir are p-wave decays, which primarily go 
with the third power of the decay momentum, a vertex 
function with very small cutoff parameter tends to can¬ 
cel this momentum dependence. Hence the calculation of 
the decay route d* —>■ Di27r —>■ dirir with very small cutoff 
parameters gets very similar to that of d* —?> AA —>■ dinr 
without the use of a vertex function for the d* A A decay 
vertex. 

The second decay route constitutes a really new piece 
in trying to explain the ABC effect. It assumes that 
a a meson is emitted according to Dqo —>■ da. Due to 
= S’*" the a meson and the deuteron have to be in rel¬ 
ative d-wave. This means that the transition amplitude 
of this process should be proportional to the relative mo¬ 
mentum squared, i.e. Q^-d ^ This 

momentum dependence provides a high-mass sup¬ 
pression (dotted line in Fig.[7Ka)). In total, both routes - 
if they are allowed to interfere constructively - produce 
an enhancement of the low-mass region relative to the 
high-mass region as required for the ABC effect (solid 
line in Fig. [3(a)). Only, the shape of the produced low- 
mass enhancement comes out too broad in comparison 
to the data. 
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FIG. 8: (color online).The same as Fig. [4] but the dotted 
line represents now a 5% contribution of the D-wave in the 
intermediate AA system and the solid curve the coherent sum 
of S- and D-wave contributions - without vertex function. 


much increased phase space for the unbound NN system 
the centrifugal barrier for the d-wave emission of the cr 
meson plays here a much bigger role and might suppress 
its emission more than in the dmr case. Unfortunately, 
a convincing quantitative calculation has not yet been 
presented by these authors. 


FIG. 7: (color online). The same as Fig. lU but the lines 
represent now the model ansatz of Kukulin and Platonova 
for the (i*(2380) decay. The contribution of the main 
route d*(2380) —>■ Di 2 n° —^ d7r°7r° is given by the blue dashed 
line, which to very good approximation is represented by a 
AA calculation without vertex function. The red dotted lines 
show the contribution of the route d*(2380) — >■ da — >■ dvr^rr® 
- in the top panel (a) for mass and width of the a meson 
according to PDG {m^ = 440 MeV, F^ = 544 MeV), and 
in the bottom panel (b) for the values nicr = 300 MeV and 
Fo- = 100 MeV as used in Ref. fs^ . The solid lines give the 
coherent sum. 


In this ansatz the data are only reproduced quantita¬ 
tively, if a light and narrow a meson (Mo- = SOOMeU, 
To- = lOOMeU) is assumed (solid line in Fig. [TFb)). The 
strong mass reduction compared to the accepted value 
[t^ I has been assigned to chiral symmetry restoration in¬ 
side the d* dibaryon (59| . 

An admixture of this decay route as small as 5% on the 
cross section level is enough to reproduce the ABC effect 
in double-pionic fusion reactions. A problem with this 
ansatz may arise for the np —>■ reaction, where 

the data exhibit no ABC effect in the spectrum. 

Since in this reaction an isoscalar pion pair is produced, 
which can form a cr meson, there is no obvious reason, 
why the Z?o3 pn-^ route should be suppressed. How¬ 
ever, in Ref. it is argued qualitatively that due to the 


D-wave AA admixture 


Having learned in the previous example that a D-wave 
introduces a strong momentum dependence such that the 
ABC effect may be reproduced, we may consider yet an¬ 
other ansatz, which possibly is more realistic. 

Similar to the fact that the deuteron groundstate con¬ 
tains a D-wave admixture, we may postulate also a such 
one for the intermediate AA system. In principle a D- 
wave between the two As may couple to spin S' = 1 and 
3 states of the AA system for a total angular momentum 
of J =3. For simplicity we consider here just the spin 
S = 3 case as done in Refs. 


37|. 


The D-wave A A amplitude is proportional to <7^^. So 
contrary to the ansatz with the AA vertex function and 
AA FSI, respectively, the M^,r spectrum will be sup¬ 
pressed in particular at small masses, see dotted line in 
Fig. [H A destructive interference between D-wave and 
S-wave (dashed line) components will suppress then high 
invariant masses. A 20% admixture of the D-wave 
component on the amplitude level, i.e. 4 - 5% on the 
cross section level, is sufficient for a reasonable descrip¬ 
tion of the ABC-effect. This means a very similar amount 
of D-wave admixture as in the deuteron groundstate. 

The angular distributions are not affected noticeably 
by the D wave AA admixture, since the deuteron an¬ 
gular distribution is characterized by the total angular 
momentum of d* and the pion angular distribution by 
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FIG. 9: (color online). The same as Fig. [5] for the np —>■ 
np7r°7r° reaction, but dashed and dotted lines represent now 
the d* contributions originating from S and D-waves in the in¬ 
termediate AA system, respectively. The dash-dotted curves 
show their coherent sum. The solid lines give the full result 
including background contributions. 


the p-wave decay of the intermediate A excitations Q. 

Opposite to the previous cases, this ansatz does not 
cause a problem in the description of the np —> npir^n^ 
reaction. It does neither produce an ABC effect in the 
M^o^o spectrum nor an exaggerated low-mass enhance¬ 
ment in the spectrum. The situation is depicted in 
Fig. [21 where the data from Ref. [l^ are compared with 
the results of the ansatz with S- (dashed) and D-wave 
(dotted) AA configurations. Whereas these calculations 
produce practically identical shapes in the M^o^o spec¬ 
trum, they differ somewhat for the Mpn case. The solid 
lines give the full result, i.e. the coherent sum of S and 
D-wave contribution together with the t-channel back¬ 
ground processes. The data of the np —>■ np7r°7r° reaction 
are well reproduced by this ansatz. 

As discussed already in connection with the vertex 
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FIG. 10: (color online).The same as Fig. |8l but the dotted 
line represents now a only 1.5% contribution of the D-wave in 
the intermediate AA system and the solid curve the coherent 
sum of S- and D-wave contributions incorporating now also 
a vertex function with A = 0.3 GeV/c. 


function and in Ref. @ - the np final system in the 
unbound case is no longer restricted by the deuteroii 
wave function. Different from the bound nucleus case, 
where the relative momentum between the two As is es¬ 
sentially made up by the relative momentum between the 
two emerging pions, the relative A A momentum in the 
unbound case is mainly transferred to the two emerging 
nucleons, the heavy partners of the A decays. Hence the 
introduction of has no visible influence on the shape 
of the M^o^o spectrum, but rather on the Mpn spectrum 
- see Fig. 121 bottom. 

A AA D-wave contribution has actually been pre¬ 
dicted in quark model calculations recently The 

predicted d-wave percentage, however, is only 1.5%. In 
fact, we may also reproduce the ABC effect with such a 
small D-wave admixture, if we incorporate also the vertex 
function in this ansatz and increase the cutoff parameter 
to A = 0.3 GeV/c - see Fig. [TOl That way we may ar¬ 
rive at a consistent description of the ABC effect, which 
leads also to an optimal description of both np —>■ 
and np —>■ npjr^Tr^ reactions - though the interplay be¬ 
tween cutoff parameter and D-wave contribution allows 
quite some freedom, as long as one of them is not fixed 
by other means. 


d*(2380) ->■ A* (1440)A decay 

This scenario has been considered to some extent in 
Ref. [^. Since the d*(2380) —>■ NN decay is sizable 0 
and the Roper resonance A* (1440) has the same quan¬ 
tum numbers as the nucleon, one may assume that a 
(i*(2380) —)> A*(1440)A decay branch might also exist. 
Due to the spin-parity = 3+ of the d*(2380) resonance 
one needs to have at least a D-wave between the nucleon 
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FIG. 11: (color online). Same as Fig. |4l but dashed (blue)l 
and dotted (red) lines show d* —>■ AA —>■ d-K-K and d* 
N*N AnN d-KTT contributions respectively - without 
applying a vertex function at the decay vertex. The solid line 
represents their coherent sum. 


and the Roper resonance, which in the course of its decays 
iV*(1440) —^ Na —>■ iVTTTT and TV* (1440) —>■ Att —>■ TVtttt 
finally must transform to a H-wave between pion and 
nucleon pairs, if the nucleons fuse to a deuteron. This 
affords substantial reshuffling of angular momenta. 

Also since the mass of d*(2380) is just at the 
A* (1440)A threshold, we can not expect that the am¬ 
plitude for a decay into a intermediate A* (1440) A sys¬ 
tem in relative U-wave is large. But let us assume that 
it exists in some sizable amount. Then it will interfere 
with the main decay branch d*{2380) —>■ AA. In fact, 
assuming a 5% decay branch via the Roper resonance 
the ABC-effect can be again very well reproduced - see 
Fig. El 

Since in the np —>■ npir^ir^ reaction the emitted np 
pair is no longer forced to be in relative S wave, the 
d* —>■ NN* decay even could be enhanced in this channel. 
The effect of this decay branch in and pn-invariant 

mass spectra is similar to that discussed for the H-wave 
AA scenario. 

If true that decays of baryonic excitations should have 
a vertex function in general, then also in this scenario 
the main decay route via AA will already produce the 
main part of the ABC effect with the consequence that 
the necessary amount of d* —>■ NN* decay is diminished 
to a small percentage similar to the situation discussed 
for the H-wave AA scenario above. 

If this scenario is correct then we expect also a decay 
of d*(2380) into the NNtt channel, since the decay of 
the Roper resonance into Ntt has a branching of 55 - 

75% 0. 


CONCLUSIONS 


We have discussed several possible reasons for the ABC 
effect. Most of these hypotheses can be tuned to repro¬ 
duce at least qualitatively the measured low-mass en¬ 
hancements in the M,n.7r spectra of double-pionic fusion 
reactions. The non-occurrence of the ABC effect in the 
non-fusion reaction np —> npTr^Tr^ has been used as a 
further constraint to filter out viable solutions. 


Most natural and straightforward appears the expla¬ 
nation of the ABC effect as a direct consequence of the 
vertex function in the d* —>■ AA decay vertex. In this 
conception the spectrum just maps the momentum 
dependence of the resonance decay, which is given by 
that of the vertex function. The necessary cutoff param¬ 
eter happens to coincide with that for the A resonance 
and is in the bulk part of values used for other bary¬ 
onic excitations. This scenario also naturally explains 
the non-appearance of the ABC effect in non-fusion re¬ 
actions. There remains some tension in the description of 
the Afpn spectrum in the np —>■ npir^ir^ reaction. How¬ 
ever, this is still within the systematic uncertainties of 
the particular measurement. 


Alternative hypotheses deal with postulated small D- 
wave admixtures either in the intermediate AA system or 
in form of da or A* (1440) A decay branches. A H-wave 
admixture in the intermediate AA system has been pre¬ 
dicted from quark-model calculations [si, El — though a 
factor of three less than needed for an exclusive explana¬ 
tion of the ABC effect without the use of the vertex func¬ 
tion. However, if also in this scenario a vertex function 
is incorporated - as needed for a consistent description 
of baryonic excitations, then a 1.5% d-wave admixture 
in agreement with model predictions is sufficient for a 
quantitative description of both key reactions. 


With regard to a possible d*(2380) —>■ A* (1440) A de¬ 
cay a dedicated experimental test of such a decay could 
be the investigation of isoscalar single-pion production 
in the energy region of interest. In addition, investiga¬ 
tion of such a decay branch into the NNtt system can 
resolve the question, whether the main decay route is 
(i*(2380) —» A A or d*(2380) —>■ Di 2 Tt as anticipated in 
Refs. (^.[^[5^. Since D 12 has a sizeable decay branch 
into AA, the route via D 12 will feed also the NNtt chan¬ 
nel, whereas such a feeding is very unlikely to happen 
with sizeable intensity in case of an intermediate isoscalar 
AA system. 


Unfortunately, there are no data at all in this energy 
region and even at lower energies the data base is not 
very precise [t^. However, though WAS A at COSY has 
finished data taking, there are still data samples from 
previous runs available, which - though collected primar¬ 
ily for other reasons - could allow to extract the wanted 
isoscalar single-pion production. An analysis of such data 
is in progress. 
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Thus the ABC effect in double-pionic fusion reactions 
together with its absence in non-fusion reactions may 
lead to some insight into the internal structure of the 
(i*(2380) resonance. This is also an important aspect in 
the photo excitation yd —>■ d*{2380). By use of virtual 7s 
even the transition formfactor may be obtained, which 
contains information about size and internal structure of 
this resonance state. Dedicated experiments with real 7s 
are expected to be conducted at MAMI in near future. 
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